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Summary

Magnetic field computations have been
performed for the three-inch circular aper-
ture doubler magnets in the warm iron geom-
etry. Locations for rectangular conductors
along circular arcs have been found such that,
in the absence of the construction errors,
the sextupole and decapole terms have been
removed from the dipole. For the guadrupole
suitable locations for the conductors have

.been found that remove the duodecapole term.
Field quality, longitudinally integrated
fields, canstruction errors, forces, energy
content, and eddy current heating under cycled
conditions will be discussed for a 45 kG di-
pole and a 20 kG/inch quadrupole.

Design Considerations

The possibilities inherent in circular
iron shields, elliptical iron shields, pancake
coils, offset circular shell coils, and cir-
cular shell coils have been examined using
complex variable methods.! Both the field in
the transverse section and the longitudinally
integrated field are calculated. For each
geometry a search mode is employed to improve
any one of several parameters specifying ini-
tial conductor locatioms. Thus, for circular
shells, the radial position, azimuthal posi-
tion, or azimuthal space between keystoned
conductors may be adjusted. For pancake
‘coils, the horizontal position or horizontal
space between rectangular conductors may be
varied. The end result of the seaxrch is a
set of conductor locations that minimizes the
energy content within the reference radius of
21l multipoles except the lowest. Although
the search procedure may be incorporated into
the longitudinally integrated fields, this
was not done because, for relatively long
magnets, the end effects are small and a few
runs suffice to obtain the desired quality.

Additional calculations provide the field
distribution and net flux entering the iron
shield, eddy currents induced in various ele-
ments, and the electromagnetic force distri-
bution in the conductors. Thus one may esti-
mate field modifications induced by iron
saturation, the iron cross section necessary
to reduce return flux saturation, and the
power loss in the bore tube liner, cryostat
walls, and heat shield. From the force cal-
culations realistic estimates are made of the
banding tension necessary to restrict con-
ductor movements and the spring constant? for
the displacement of the coil package relative
to the iron.

An iron shield in the shape of an upright
ellipse has a reduced saturation effect on
the field distribution and yields a coil
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arrangement for high quality fields that re-
flects the confocal nature of the coordinate
system. Hence the usable aperture has even
higher eccentricity than the shield although
minimal net flux results. A horizontal aper-
ture sufficiently small to provide an economic
advantage over the circular case requires
vertical injection and extraction. This im-
poses a considerable constraint on the ellip-
tical shield which, therefore, was abandoned
in favor of the circular shield. Having
chosen a circular shield, the concentric na-
ture of the cocordinate system dictates that
for high gquality fields the conductor arrange-
ment be circular. Field gquality demands from
orbit considerations, extraction requirements,
and achievable construction tolerances set the
aperture diameter at about three inches.

Considerations that lead to a choice of
inner iron radius are as follow. In a ty-
pical cold iron design the shield is used
directly to hold the coil package in place.
Saturation effects on the magnetic field must
be counterbalanced with additional correction
windings. This design, however, makes maximumn
use of the iron in producing field. If, on
the other hand, it is desired to have the
dipoles and guadrupoles track with an accuracy
sufficient to permit a single excitation cur-
rent throughout the magnet system, then, for
the coil package that yields a three inch aper-
ture, the inner iron radius must be abeout four
inches. For this radius there is sufficient
space between the nutside of the coil package
and the iron to insert a thermally insulating
support structure. Thus, the iron may remain
at room temperature. In this warm iron design,
although there is no significant saturation
effect, more ampere-turns nust be provided to
offset the diminished utilizatieon of the iron.
We have opted for the warm iron design with
the attendant possibility of simplifying the
power distribution systen. '

For the most economical use of supercon-

" ductor one may tailor the conductor size de-

pending on its location in the magnetic field.
Thus, in the dipole, two grades of multistrand
cable were used. For the inner two shells a
seven-strand ceble of nominal size .150 in by
.075 in was chosen® for which the effective

JB product is 80% qf short sample.“ In the
outer two shells an ll-strand cable of noninal
size .150 in by .0530 in was used for which the
effective JB product is 70% of short sample.

Having chosen the space allowed in the
dipole for conductors, banding, cryostats, and
supports, these general space allocations were
incorporated into the guadrupole for maximun
simplicity. These conditions and the desire
to obtain the highest gradient possible in
order to minimize longitudinal space alloca-
tion dictate an ungraded conductor design for
the guadrupole. Thus the ll-strand conductor



was chosen which operates with a JB product
at 63% of short sample.”

The length of the iron shield relative to
the coil ends must be chosen. Calculations.
using many segments of linear current elements
have been made’ and indicate that for dipoles,
in the absence of the iron shield, a field
enhancement of some 20% is expected in the
end region. Since the field enhancement by
the iron in the transverse section is 18% it
is desirable to terminate the iron somewhat
before the conductors are turned around. 1In
this manner there will be no significant field
enhancement in the ends. FPor the guadrupole,
since the maximum field is much less than
45 kG, the iron shield may be carried out
‘owver the coil ends.

Finally, it is to be noted that in con-
struction both the dipoles and the gquadrupoles
the construction tolerance® on the location of
conductor shell radii and azimuthal position
of the shell is %*.002 in.

Tables 1 ~ 8 are self explanatory. Ta-
ble 9 refers to the longitudinally integrated
fields in which circular turn-around ends are
used, the turn centers being separated by the
length indicated. The entries T(N), S(N),
and R(N} refer to coefficients in a multipole
expansion of the longitudinally integrated
magnetic field. Successive terms give AB at
the reference radius for the dipole,
decapole, etc. The contribution due to the
currents with no shield is T(N), the contribu-
tion from the iron shield is S(N), and R{N} is
the ratio T(N) + S(N) divided by T(l) + S(1).
Table 10 is a similar calculation in which
the contribution due to the ends is omitted
and the length set equal to one inch. The
median plane field in the transverse section
is given by BT. Columns BA, BS, and BN give
respectively the contribution in the absence
of the shield, the contribution due to the
shield, and the total field normalized to
unity at the origin. The entry DELR(N) is an
estimate® of the magnitude of the change in
R{N) induced by saturation effects in the
iron shield. Tables 11 - 12 provide similar
information relative to the gquadrupole, T(N)
etc. now stepping through quadrupole, duo-
decapole, etc.
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Table 1. Bending Magnets
Performance Parameters
Field Strength 45 kG
Effective Field Length 240 in
Good Field Width ) 2.0 in
‘Field Quality (AB/B at 1 in Rad.) +.05%
Table 2. Design Data for
Bending Magnet-
Conductor Current (45 kG) 2345 A

Conductor Size (no insulation)
Inner 2 shells

(7-strand) .152 in by(.075/.0636)in
Outer 2 shells
{(ll-~strand) .152 in by{(.050/.0432)in

Effective Current Density
(7~strand) 215 kA/in?
(11-strand) 320 kA/in?
Total Number of Turns 228

Insulation Thickness(spiral wrap) .004 in
Inner Bore Tube Radius (304 S3) 1.125 in
Inner Bore Tube Wall Thickness .050 in
Inner Cryostat Radius (304 SS) 2.50 in
Inner Cryostat Wall Thickness .018 in
Outer Cryostat Radius{304 Ss) 2.625 in
Outexr Cryostat Wall Thickness .018 in

Lamination Inner Radius(mild steel) 4.00 in

Lamination Thickness .0625 in
Outside Dimension of Iron 16 in by 10 in
Total Length of Iron 234 in

Table 3. Stored Energy and Losses

in Bending Magnet

Peak Stored Energy .54 MJ
Inductance .18 Hy
Repetition Period 60 sec
Eddy Current Losses
Bore Tube 213 W
Conductor Matrix 1.8 w
Inner Cryostat .22 W
Outer Cryostat .22 W
Heat Shield (200K} 2w
Lamination {warm) neg.
Hysteresis Losses
Superconductor 3.3 W
Lamination (warm) 3.5 W

Forces and Critical

Table 4.
Fields in Bending Magnet

Central Field 45 kG
Maximum Field in Conductor
Inner 2 shells (7-strand) 47 kG
Outer 2 shells (ll-strand) 38 kG
Effective Radius of
Conductor shells 1.896 in

Traction at Effective Radius

Angle x-Traction y-Traction
{Deg) {1b/in%) {1b/in?)
o] 699 4]
40 1521 ~1174
50 1623 -985
20 o 4]
Displacement Force
(x-displ. = .010 in) 9.91b/in
(y-displ. = .010 in) 9.91b/in



Table 5. Focusing Magnet

Performance Parameters

Table 7.
in Focusing Magnet

TM-575
1600.000

Stored Energy and Losses

Gradient Strength 20.7 kG/in Peak Stored Energy 51 kJ
Effective Gradient Length 62 in Inductance .013 Hy
Good Field Width 2.0 in Repetition Period 60 sec
Gradient Quality Eddy Current Losses
(AB/xBé at 1 in Rad.) +,.2% Bore Tube .002 w
Conductor Matrix .20 W
Inner Cryostat .004 W
Outer Cryostat .004 W
Heat Shield (20%°k) .003 W
Lamination (warm) negq.
Table 6. Design Data for Hysteresis Losses
Focusing Magnet Superconductor .56 W
' Lamination (warm) .25 W
Conductor Current (20.7 kG/in) 2345 A Table 8. Forces and Critical Fields
Conductor Size ) in Focusing Magnet
{no insulation) .152 in by(.050/.0432)in :
Effective Current Density 320 kA/in2 Central Gradient 20.7 kG/in
Turns per Pole 51 Maximum Field in Superconductor 31 kG
Insulation Thickness .004 in Effective Radius of Superconductor 1.838 in
(spiral wrap) Traction at Effective Radius )
Inner Bore Tube Radius (304 SS) 1.125 in Angle x~Traction y~Traction
Inner Bore Tube Wall Thickness .050 in (Degqg) (1b/in?) {1b/in?)
Inner Cryostat Radius (304 SS) 2.50 in o 136 o
Inner Cryostat Wall Thickness .018 in
. . 20 612 -1448
Outer Cryostat Radius{304 SS) 2.625 in 25 714 -1399
COuter Cryostat Wall Thickness .018 in -
: . . . 45 0 0
Lamination Inner Radius 4.00 in
. 65 ~1399 714
(mild steel)
. . A . 70 -1448 612
Lamination Thickness .0625 in
. R . . . 20 o] 136
Outside Dimension of Iron 10.0 in Dia. .
Total Length of Iron 66 in Displacement Force
. . (x~-displ. = .010 in) 2.71b/in
(y-displ. = .010 in) 2.71b/in

Table 9. 1INrccarso WULTIPILE STRUGTURE OF C-SERIES GRAUED DOUSLER DIPOLE
0RDER OF POLE = 1 CALCULATIONAL HOOE . WUHBER OF LAYERS =
HIGHSST MULTIPOLE ORDER 19 CONBUCTOR GURRENT(8) = 2345.0000 REFERENCE RAOIUSCINY s . 1.0000
INNER IRON RADIUSIIN) e0200 SIMP3ONS RULE INTERVALIDEG)= 1,000 MORIZONTAL INCREMENTSINI = <1000
INSULATION YHLCKNESS{IND = 0040
LAYER TURNS  GURDEN  THETAS  THETAF  SPACER . RINNER  ROUTER  LENGTM
IKAZINZIND  {DEG) 10EG) i) aN Ny 1N
1 29.00  215.531 W1267 81,7456 60845  1,5000  1.6650 236.0007
2 27.30  215.531 L1138 68,1839  L0G827 | 1,680  L.8653 23640400
3 30.00  320.522 L0933 45.8796  ~.00062  1.9%50  2.1100 234.3038
“ 28,00 32E.522 W3908 39,4065 =.06052  2.1250 242300 260.3000
MULTIPOLE COEFFICIENTS
TEND = B.B18EeDI -9.544Ee00  ~24327E4LC ~1,054EsB1 ~1.577E-0L  5.659E~01 =2.392E-01 7,670E-02 =-5.920£-02 2.781E-02
SIN} = 2.0126403  6.692E¢00 =5.665E-02 ~1.269E-03  2.2956-06 2.709E-07 B.76E-10 -6.172E-11 -6s610E-13  9.761E-15
REN} = 3.GOUESCE =-2.633€-Gh ~=24201E-D4 <=3, 733F~04 =1,w56E~05 5e225E~05 «2+209E=05 . 7+089E-06 <5.466E-06 2.568E-(6
XLIND BTLKG~IN} BACKG=IN) 35IKGIND an
L0006u  1£833.13097 8818,04655 2012.08482 1.40080
<1000 1£832,1322¢ 881735336 2012.15134 1.03020
.20088  10830.31240 8817.65033 2612.35202 £93993
.30060  10824.84728 8817.16102 2612.63627 +99397
43000 13823.57339 8816.51666 2013.15373 .99935
.50000 10823, 10414 3815.35121 2013.75393 .99931
S60360  10823.30377 8513,31753 2014 .48624 99383
»7000C 10325, 92438 4811 .57499 2015.34938 33972
<B0ILE  10824.58596 8803.24202 2016.35394 +93949
.9520C  16820.72729 4803.25497 2017446732 .33913
1.0806C 10316.56807 479584330 201871877 39356
1.10060  10805.66826 8784.97138 2025.09648 .937563
1420053 10793.92907 8769.32903 262160064 299633
1.320C0  10773.77413 874756757 2023.22646 +33452
1.40065  13744.60066 871302652 202497014 .93235
$.50000  10713,75622 4636.31535 2026.84087 .98325



Table 10. In1EcRATED NULFIPOLE STRUCTURE OF C-SERIES

CALCULATIONAL MODE

GRADED DDYBLER DIPOLE

NUMBEZR OF LAYERS
AEFERENCE RADIUSIING
HOREZONTAL INCREMENY

4E-03 ~1.001E-03 3. 364E~Gt
3E-Q3 2.339E=12 ~Z.5wuE-13
4E=05 ~2.226E-G5 T.W29E-0a
7E-11 3eu73E~12 1.881E~33

ORDER OF 2E = 1 =
HIGHESY RULTIPOLE ORDER = 13 CONDUCTOR CURRENTLA)Y = 2365.0000
INNZR IXON RADIUSEING = 4.0000 SIMPSONS RULE INTERVALIDEGES 1ed009
INSULATION THICKNISSIING = 0340
LAVER  TURNS CUIDEN FrHETAS THETAF SPACER RINNER ROUTER LENGTH
IXAZINZING (DEGH tOEGH CIN) LIND LINE CIND
1 23.02 215.%5 32 «1257 81.7456 200065 1.5030 146659 L.0400
2 27.88 215.53L #1138 68,1849 03027 1.680C 148450 18309
3 30.00 320,522 «3939 45.8796 ~.0Ed02 13450 2.1120 1.0306
. 28.5% 320.522 3908 39.4365 “.R6052 2.1256 202300 1.6320
WULTIPOLE COEFFICIENTS
TiN) = J.668Ee3L ~2.8B1E-52 1.709E -0 ~4,3I5E-02 <-6.3B86E~04 2. bh
SNy = 8.336Eu 0 2.8185-02 <-2.287E-04 -T42208-0¢ S 64E~09 1.13
RIND = L400RENXLE ~TubWiZ~0d ~1.284E-06 ~-9.b35E-04 =-9.753E~06 5.u3
DELRIND = TeSTHZ~d4 1.573E~05 54317507 2.642E~08 1.284E-0% 6586
XNIND BT AKG-INY BAIKG~IN} 43 {KG=IN) 9N
«802350° 4, 98035 36464467 8.33569 1.03000
« 23423 bo. 38635 36.64438 8.33597 1.00038
«20563 N 98033 36.64352 8.33532 1.6000)
+ 33244 b, 8428 36404200 8.33822 %.30002
* 53355 %%, 93028 36463331 8.34019 « 99999
«530458 o, 37957 36.53635 8.30272 33398
«633480 44.97817 36.63237 3436530 » 32995
74420 b4 37506 36.62552 8.349064 - 99333
»B83J0& Sie I0 482 36461519 8,35363 « 93374
«HIIBL L.95735 38.59339 2.35836 33343
132863 foe 93771 35,5748 8,35364 »99395
139304 e 31598 36453553 8.369%4 « 93435
124300 4035731 36444153 8437578 +937256
$+32040 o 73589 36.43425 3.33264 «3957)
LeaB950 H4u.549381 364303828 4.33680 «933363
31+5530¢ i 5F437 F6.19649 8439758 « 93162
HAX. FIELD ON IROMIKS) = 1325964 IRON PERMIABILLTY AT RMAXFES 233.6375

Table 11.

0VER OF POLE

HIGHESY HULTIPOLE 0DER
INNZR IRON RADIUS{IM
INSULATION THICKSISSEING

LAYER TURNS

1 1T.08
2 14.00
3 11.6¢
L} 9.00

L4t ] = 1.223»03

= 2

= 19

= 4e0300

= euCad
CURDEN THETAS
CXAZINZING  ¢DEGH
32g.522 182
320.522 1.3083
320,522 ieldth
3204522 1.0382

St = 553021 Se

=5.5758-91 -2.9.

TE4Enil 245

REN) =  1.000Sedd -4.313E786 2.2
REINY CTI<G-IN/IN}
«C3I63 1279.25313
13T 1273.25367
223380 1273, 2%72%
«30393 1273425347
o082 1273424289
«51204 1279.21224
+63303 1273.13772
78293 1278,35449
«83223 1273.54817
93683 1277.36136
133063 1275, 36394
1.10307 1272.31069
1.2%40T 1265.59915
1.33202 1252,354011
1.43203 1224.64732
1,533 1180.215%6

CALCULATIONAL #ODE =
CONQUCTOR CURRENT(A) = 236

SIMPSONS RULE INTERVALIDEG)=
THETAF SPACER RINNER ROVFER
{DEG) I CIND CINY
36,1845 ~aG G164 1.5008 145665C
25.6332 ~e00138 1.68080 1.8453
38,4238 =-.00023 1.9450 2.1100
13,7738  ~e00313 241259 2.2300

27E+GC
hLE-G7
83E-03

GAIXG

1223,
122%,
1223,
1223.
1223.
1223,
1223,
1223.
1222.
1221.
1219.
1216,

HULTIPOLE COEFFICIENTS

1.27LE~G

1 =5.782E~02

«2.162E-18 ~1.063£-13

3.93tE-0
«INFINY

35389
354883
35793
I5N1s
34270
3t26%
2377
gS746
64657
75934
34391
43331

1209.56379%

1197,
1172,

02346t
71663

1124428713

5 =t 438E-05
GSIKG-INFIN)

55.89924
55.89924
$5,83925
5589929
55.83939
55.83960
55.89939
55.30062
55.93164
55.93302
55.9050C
55,90768
55.31119
55.3157¢
55,92139
55.92843

1.

5.G000
1.0060

LENGTH
(I

530340
53,9306
(3O
82, 43C

GN

[1.13:5)

1.0033
1,00008

1.

800080
39933

« 33995
= 93938
+99377
«39345
« 39875
«33734
« 39657
498932
+97363
96143
092258

FLUX TN IROMEXG-IN)

INTEGRATED MULTIPOLE STRUCTURE GF C-SERIES UNGRADED DOUSLER JUADRUPOLE

NUMBER OF LAYERS
REFERENGE RADIUSCINY
HORIZONTAL INCREMENT

Table 12. INTEGRATED MULTIPOLE STRUCTURE OF G-SERTES UNGRADED DOUBLER QUADRUPOLE

ORQER OF POLE

HIGHEST MULTIPOLE ORDER
INNZIR IRON RAJIUSEIN
INSULATION THICKNESSLING

LAYER TURNS

17.00
16,00
1196

.00

£ NP

TONL = 1,979e33

= 2

= 18

= 440000

= 20340
CURDEN THETAS
SKAFIN/INY C(DEGH
324,522 Labn82
320.522 1.3003
329,522 11334
320.522 1.0332

SN = 8.933E~-01 Be
RUN) = 1.03005e89 L
DELIHI= 61T 3E~RS L2

XEENY

03360
+38683

=300CL
1.005€8
1.10332
1.2336¢8
133483
LehI0G3
Le53567

Max. FIELD ON IRJIWIXGH

443829E=05 ~4a?

375E~05 ol
73 LB =2.3
ChuLT-38 1.8

GTtXG~IN/INY

23.58322
29.63322
20.58322
23.63322
23.62320
26.68304
20.632060
23.684358
20.57535

23.54327
28 %7963
23.28103
13.394h0
19.11673

= £,9576

CALCULATIONAL MOOE b4
CONDUCTOR CURRENTIAY = 234

SINPSINS RULE INTERVALLDEG)=
THETAF SPACER RINNER ROUTER
€DEG) [$1.14 (3¢ 1] {INY
34410465 ~30154 1,5000 1.9650
25.6932 ~s 00108 1.6808 1.8450
18,9233 - -,05028 123458 2.1102
13,7734 =«00059 2.1250 242920

92E£-02
3re-g9
17E-43
85E-18

GA(KG.

19.
13.
19,
13,
13.
19,
13,
19.
13,
19.
19.
19,
19,
19.
19,
13,

MULTIPOLE GOEFFICIENTS

24260E~0
~3.348E-1
1.083E~0
Se260E~1

=INJIN)

73988
78338
7338
73937
78935
743963
73308
7aTty
73197
76371
Tul2y
68979
53609
IATHL
93397
22293

3 ~9.584E~G4
2 ~1.677E~15
b wh,634E~05
3 1.538E-15

GSIKG=XN/INY

«83335
+89315
#83335
=89335
+53335
«89335
89336
+89337
83339
«8%3061
«33044
w83368
83354
283161
«83378
«89382

1.
L.
1.
t.
1.
.
.
.
.
-
.
.

L]
5.3290
1.006

LENGTH
CIN

1.6060
1,0000
t.3080
L.0000

(1]

aos0d
a2000
20833
0040
%0000
99999
99936
93937
39962
99903
39775
99517
93915
94355
963187
q2426

IRON PERMEASILITY AT B8MAXFE= B67.6uL02

NUMBER OF LAYERS
REFERENCE RADIUSIINY
HORIZONTAL INCREMENT

FLUX IN IRONIKG-IN}

(R

tIN)

=2.538E-04
~2.721E~15
=5e533E-06

1.837E-16

$INS

AR

am =

TM-575
1600.000

b
10900
1000

1.195€-C4
L.B03E~LT7
2.656E~LH
S.801E~16

67,7712

&4
1.0003
«10048

1.8080
1809

14,8223



